The role of endothelial damage and increased vascular permeability (VP) in the pathogenesis of ulcerative colitis (UC) has not been investigated. We examined using functional, morphologic, and molecular biologic studies whether and to what extent the endothelial barrier dysfunction precedes enhanced epithelial permeability (EP) and the development of mucosal lesions during the early stages of experimental UC. We showed that in rats with iodoacetamide (IA)-induced UC increased colonic VP occurs early (ie, 2.6-fold increase at 15 min, Po0.01) preceding changes in epithelial barrier permeability. EP was unchanged at 15 and 30 min after IA administration and was increased 1.9-fold at 1 h and 6.7-fold at 2 h (both Po0.001) after IA. In the dextran sodium sulfate-induced slowly developing UC, colonic VP was significantly increased in 2 days (Po0.05) and EP only in 4 days (Po0.05). Mucosal endothelial injury led to hypoxia (Po0.05) of colonic surface epithelial cells 30 min after IA administration that was associated with increased expressions of transcription factors hypoxia-inducible factor-1a and early growth response-1. Electron and light microscopy demonstrated areas of colonic mucosa with perivascular edema covered by intact layer of surface epithelial cells in both rat and mouse models of UC. This is the first demonstration in four models of UC that endothelial damage, increased colonic VP, perivascular edema, and epithelial hypoxia precede epithelial barrier dysfunction that is followed by erosions, ulceration, and inflammation in UC. KEYWORDS: endothelial damage; epithelial permeability; hypoxia; inflammatory bowel disease; ulcerative colitis; vascular permeability Ulcerative colitis (UC) is characterized by chronic, recurrent ulcers and inflammation of the colonic mucosa. It has been postulated that impaired epithelial barrier function, resulting in penetration of bacteria and other antigens into the mucosa, is one of the major factors of UC pathogenesis.
Ulcerative colitis (UC) is characterized by chronic, recurrent ulcers and inflammation of the colonic mucosa. It has been postulated that impaired epithelial barrier function, resulting in penetration of bacteria and other antigens into the mucosa, is one of the major factors of UC pathogenesis. [1] [2] [3] [4] The epithelial barrier formed by a continuous layer of surface epithelial cells is important in preventing the penetration of bacteria and other antigens into the mucosa. The viability and integrity of the epithelial layer are critically dependent on oxygen and nutrients delivered by blood flow through the mucosal microvessels. Thus, vascular injury and diminished blood flow will result in tissue hypoxia and damage of epithelial cells. 5 Anatomical and functional vascular changes in UC have been noted some time ago 6, 7 and confirmed recently. 8 In early stages of UC, angiographic studies have demonstrated tortuous, dilated vessels, abnormal distribution, and small luminal irregularities in the peripheral branches. In contrast, advanced UC lesions demonstrated reduced vessel diameter, decreased vascular density, and diminished blood flow in the involved segments. 6, 7 Hatoum et al 9 found in UC patients decreased vasodilatory capacity in chronically inflamed mucosa, which was associated with high levels of oxidative stress. A study of trinitrobenzene sulfonic acid (TNBS)-induced UC showed decreased colonic capillary blood flow in acute stage. 10 Despite numerous reports on vascular alterations in UC, there are no parallel studies of the role of increased vascular permeability (VP) in the initiation and development of UC. The aim of this study was to determine whether the early endothelial injury and increased colonic VP with concomitant hypoxia are the primary events leading to changes in epithelial permeability (EP) and mucosal injury during the development of experimental UC.
Two chemically induced UC models characterized by a well-defined, time-dependent development of lesions were used to study sequential changes in vascular and EP preceding the development of mucosal erosions, ulcers, and infiltration with acute and chronic inflammatory cells. To determine the relevance of impaired endothelial barrier in UC, two models of spontaneously developing UC in interleukin (IL)-10 À/À (ref. 11 ) and G-protein a-inhibitor 2 (Ga-i2) À/À mice 12 were analyzed for early morphologic changes in colonic mucosa.
MATERIALS AND METHODS Animals
Female Sprague-Dawley rats (170-200 g) were obtained from Harlan Sprague-Dawley (San Diego, CA, USA). IL-10 À/À mice on a C57BL/6J background and wild-type C57BL/6J were obtained from Jackson Laboratory (Bar Harbor, ME, USA). Ga-i2 À/À mice on a 129Sv/C57 background and wildtype 129Sv/C57 littermates of both sexes were provided by Dr Jonathan Braun's laboratory (UCLA, Department of Pathology). All animals were housed in the animal research facility at the VA Medical Center in Long Beach, CA, USA, under standard environmental conditions. All animals had unlimited access to Purina chow and tap water. These studies were approved by the Subcommittee for Animal Studies of the R&D Committee of the VA Medical Center in Long Beach, CA, USA.
Iodoacetamide-Induced Colitis
Experimental UC was induced in rats by the SH alkylator iodoacetamide (IA). 13, 14 This model is characterized by welldefined time-dependent changes in colon, for example, depletion of antioxidant glutathione, increased alkylation of protein SH followed by the development of erosions, ulcers, and infiltration of neutrophils as early as 6-12 h after administration of the chemical. 13, 14 This feature allowed us to detect very early changes, which precede the development of extensive colonic injury. Briefly, 0.1 ml of 6% IA (Sigma, St Louis, MO, USA) dissolved in 1% methylcellulose (Sigma) or the vehicle 1% methylcellulose was given to rats once by enema (7 cm from anus) via rubber catheter Nelaton S-8 (Rüsch, Germany). Rats were euthanized 5, 15, 30 min, 1, 2, 6, and 12 h after intracolonic administration of IA. During autopsy, 7 cm of distal colon was removed for morphologic examination.
Dextran Sodium Sulfate-Induced Colitis UC was induced in rats following the continuous administration of dextran sodium sulfate (DSS) (ICN Biochemicals, Solon, OH, USA) in drinking water. DSS, with a MW 36 000-50 000 and a sulfur content of 15-20%, was dissolved in water to provide a working dilution of 5% (w/v) for oral consumption. In all, 5% DSS solution was prepared fresh every day. Volume of ingested DSS solution was measured daily. Rats were euthanized 1, 2, 3, 4, and 5 days after 5% DSS consumption. At autopsy, 7 cm of distal colon was removed for morphologic examination.
VP in IA-and DSS-Induced UC For the quantitative studies of colonic VP, Evans blue was used as described previously. 15 Evans blue is a marker of albumin leakage since it binds tightly to albumin and it crosses endothelial barrier as the complex Evans blue/albumin (MWB67 kDa). 16 Rats were anesthetized with inhalation of isoflurane. Evans blue (1 mg/100 g in PBS; Sigma) was injected intravenously 15 min before autopsy that was performed 5, 15, 30 min and 1, 2, 6, and 12 h after 6% IA enema or vehicle (1% methylcellulose). Rats with DSS-induced UC received intravenously Evans blue (1 mg/100 g in PBS) 15 min before autopsy that was performed on 1 (24 h), 2 (48 h), 3, 4, and 5 days after initiation of treatment with 5% DSS in drinking water. Evans blue was extracted from the colonic tissue (7 cm) using chloroform and measured by spectrophotometry at 610 nm. Results were expressed as mg dye/g wet weight of colon.
EP in IA-and DSS-Induced UC To measure colonic EP, we used blood concentration of fluorescein isothiocyanate-conjugated (FITC)-dextran (MW 3.0-5.0 kDa; Sigma) after its intragastric administration. Before experiments, rats were fasted for 18 h, but had unlimited access to water. Rats with IA-induced UC received by gavage 20 ml/kg of PBS (pH ¼ 7.4) containing 22 mg/ml FITC-dextran 2 h before autopsy. Then the animals were euthanized at 15, 30 min and 1, 2 h after 6% IA enema or vehicle (1% methylcellulose). Rats with DSS-induced UC were given by gavage 20 ml/kg of PBS (pH ¼ 7.4) containing 22 mg/ml FITC-dextran 4 h before autopsy on days 1 (24 h), 2 (48 h), 3, 4, or 5 after 5% DSS or vehicle (water) ingestion. Blood samples were obtained by cardiac puncture and were centrifuged (3000 r.p.m. at 41C) for 20 min. Plasma (100 ml) concentration of fluorescein was measured by using a microplate spectrofluorometer (NovoStar, BMG LABTECH, Durham, NC, USA) with excitation wavelength of 485 nm and an emission wavelength of 520 nm using serially diluted samples of the marker as standard.
Tissue Hypoxia
For detection of tissue hypoxia, we used Hypoxyprobet-1 Kit (Natural Pharmacia International, Burlington, MA, USA). This method utilizes a small molecular marker, pimonidazole, Endothelial damage in ulcerative colitis G Tolstanova et al which after intravenous injection forms adducts with thiol containing proteins only in oxygen-starved cells. Rats were anesthetized with inhalation of isoflurane. Pimonidazole-HCl (6 mg/100 g) was injected intravenously 90 min before autopsy; at 15, 30 min and 1, 2 h after 6% IA or vehicle (1% methylcellulose) enema. The removed distal colon (7 cm) was fixed in 10% buffered formalin and paraffinembedded sections (5 mm thick) were immunostained using a mouse monoclonal antibody MAb1 (Natural Pharmacia International) that binds to protein adducts of pimonidazole in hypoxic cells. Sections were deparaffinized, hydrated, blocked for endogenous peroxidase using 3% H 2 O 2 /H 2 O, and subsequently subjected to microwave antigen retrieval using a Dako target retrieval solution (Dako, Carpinteria, CA, USA). An overnight incubation with mouse monoclonal antibody MAb1 at 41C was followed by biotinylated secondary antibody and a peroxidase-labeled streptavidin-biotin, and then developed using the ABC detection method for examination under a Nikon microscope. To ensure specificity of the antibody, immunoabsorption of the antibodies was performed to provide appropriate control. The positive staining area was measured by MetaMorph 7.0 Videoimage Analysis System (Molecular Devices, Downington, PA, USA), and expressed as percentage of total mucosal area.
Western Blotting
At autopsy, the removed distal colon (7 cm) was cut along anti-mesenteric side and thoroughly rinsed in cold PBS. Colon was gently wiped by paper towel and flat by mucosa side up on ice. Using metal spatula, we gently scraped mucosa from the muscular layer. Total proteins (100 mg), which were extracted from colonic mucosa in a lysis buffer containing protease inhibitors (Sigma), were processed routinely for western blotting as described previously. 14 The primary antibodies were used against Egr-1 (1:500; Santa Cruz Biotech, Santa Cruz, CA, USA) and HIF-1a (1:200, Novus Biologicals, LLC; Littleton, CO, USA). The loading controls were obtained by using antibody to b-actin (1:500; Santa Cruz Biotech). Every western blotting was repeated at least twice using proteins from three different rats/group. The density of western blotting bands was measured using the Eagle Eye II (Stratagene, Austin, TX, USA) and presented as relative density against density of b-actin bands.
Electron and Light Microscopy
Immediately after euthanasia, sections of colonic tissue were fixed in 2.5% glutaraldehyde in 0.1 M PBS for 2 h at 221C. The specimens were then washed in 0.1 M glycine, embedded in epoxy resin, and thick sections (0.5-1 mm) were stained with toluidin blue for 30 s and washed in 0.1 M PBS. Thin sections (60-100 nm) from selected area were stained with uranyl acetate/lead citrate for transmission electron microscopy. Electron micrographs were examined by two experienced pathologists who were unaware of the treatment (SWF, WL). For light microscopy, 7-10 sections of distal colon from rats or mice were fixed in 10% buffered formalin, embedded in paraffin, cut at 5 mm, stained with hematoxylin and eosin, and coded for blind microscopic evaluation. Histologic slides were examined by two experienced pathologists who were unaware of the treatment (MD-I, SS).
Statistical Analysis
Quantitative results are expressed as mean ± s.d. The statistical significance was determined by the non-parametric Mann-Whitney U-test, or Student's t-test where appropriate, and P-values of o0.05 were considered statistically significant.
RESULTS
Early Increase in Colonic VP in IA-and DSS-Induced UC Since IA-induced colitis is characterized by development of colonic erosions at 6-12 h, our latest time point for this functional study was 12 h after IA enema. We found that Evans blue extravasations representing VP were visible at all time courses in colonic mucosa after IA administration ( Figure 1a ). Quantitative measurement of Evans blue extravasations in colonic mucosa demonstrated that colonic VP was significantly increased 2.6-fold (Po0.01), 2.3-fold (Po0.01), 3.2-fold (Po0.01), and 4.7-fold (Po0.001) at 15, 30 min, 1, and 2 h after IA enema, respectively, vs control ( Figure 1b) .
In contrast to IA-induced colitis, DSS-induced colitis is characterized by the appearance of early clinical signs of colitis (eg, occult blood) at 3 days and the development of the first visible colonic lesions at 7 days after initiation of DSS treatment. 17 Therefore, we measured colonic VP after 24, 48 h, 3, 4, and 5 days of DSS treatment. Since extravasated Evans blue can be easily visualized in the mucosa during autopsy, we noticed that in DSS-fed rats blue color was restricted to distal colon, but no other macroscopically apparent morphologic changes were present (data not shown). Measurements of extravasated Evans blue in colonic tissue demonstrated increased VP in three out of eight rats at 24 h after initiation of DSS treatment. The mean of this group was at the borderline of statistical significance (Po0.06) vs control group. Significant increase in VP was noted on 2, 3, and 4 days after initiation of DSS treatment (Po0.05 vs control group) (Figure 1c ).
Increased Colonic EP in IA-and DSS-Induced UC In contrast to increased colonic VP, EP was not changed at 15 and 30 min after IA administration (Figure 1d ). We detected significantly increased colonic EP (1.9-fold) only at 1 h (Po0.001, vs control) after IA enema, with further increase (6.7-fold) at 2 h (Po0.001 vs control) (Figure 1d) .
The severity and extent of DSS-induced colitis vary between rats, depending on volume of ingested water. Taking this into consideration we measured EP and VP in the same animals. We did not detect any EP changes in the first 3 days after initiation of DSS treatment, while VP was significantly increased at that time. Only 4 days after initiation of DSS treatment, we detected significantly increased colonic EP (1.4-fold, Po0.05 vs controls), with further increase 1.5-fold after 5 days of DSS ingestion (Po0.05) (Figure 1e ).
Hypoxia and Increased Expression of Hypoxia-Related
Transcription Factors HIF-1a and Egr-1 in IA-Induced UC Since epithelial barrier is sensitive to hypoxia, we hypothesized that hypoxia in colonic mucosa during early stages of IA-induced UC precedes increased EP. To determine colonic mucosal hypoxia, we used a novel immunohistochemical method using a small molecular marker, pimonidazole (Hypoxyprobe-1t), which allows visualizing hypoxia in tissue structures. 18 As shown in Figure 2a , colonic samples from methylcellulose-treated group (control) showed some accumulation of pimonidazole protein adducts visualized immunohistochemically in superficial epithelial cells. This is consistent with oxygen gradient in the gut reported previously. 19 Colonic samples from IA-treated groups revealed a marked hypoxia of surface epithelial cells as early as at 30 min after IA administration (Po0.05 vs control). Quantitative measurement of the positive staining areas demonstrated significantly increased hypoxic epithelial cells at 30 min and 1 h after IA (Figure 2b) .
To further examine hypoxia in colonic mucosa of rats during the development of IA-induced UC, we determined protein expression of hypoxia-inducible transcription factors, for example, HIF-1a and Egr-1. We found that significantly upregulated levels of HIF-1a and Egr-1 ( Figure 2c) were consistent with the increased hypoxia visualized by Hypoxyprobe-1 in colonic mucosa after IA administration.
Electron Microscopy of Endothelial and Epithelial
Changes in Colonic Mucosa in IA and DSS Models of UC Transmission electron microscopic studies of rat colonic mucosa at 15, 30 min, and 1 h after IA administration demonstrated surface epithelial cells with intact microvilli (Figure 3 ). Subepithelial capillaries exhibited congestion (see red blood cells (white asterisks) in capillary lumens (black asterisks)), as early as 15 min (Figure 3b) after IA, associated with perivascular and inter-epithelial edema (arrows) (Figure 3b-d) . High-magnification electron micrographs showed small breaks (arrowheads) in endothelial lining (Figure 4a, b, d , and f) and attached platelets, and platelets' aggregation (arrows) adhering to endothelial cells, indicating early endothelial cell injury (Figure 4d and f) while at the same time the adjacent epithelial tight junctions (arrowheads) were intact (Figure 4e ). Subsequently, platelets were also present in perivascular space (arrows), which was markedly enlarged and filled with fibrillar structures (most likely fibrin) (Figure 4c, d, and g ). Intravascular congestion and edema were followed by separation of epithelial cells and Figure 4 . The edema most likely originated from subepithelial capillaries, since the inter-epithelial tight junctions were intact (arrowheads in Figures 3 and 4e) .
One hour after IA administration, at time when increased EP was detected (Figure 1d ), an extensive perivascular edema containing fibrin deposits and intravascular platelet aggregations were present (Figures 3d and 4f) . Most of the viable epithelial cells were separated by edema, while tight junctions (arrowheads) and intact microvilli remained intact (Figure 3d ). In DSS model, electron microscopy also showed extensive perivascular inter-epithelial edema (arrows) at 24 and 48 h after DSS but surface epithelium and epithelial tight junctions were still intact (arrowheads) at 12, 24, and 48 h after initiation of DSS treatment (Figure 5b-d) . As an indication of endothelial damage, platelets were attached to endothelium (arrows, Figure 5E1 and f) , but often extravasated platelets were also seen (arrows, Figure 5E2 ). After 48 h of DSS ingestion (Figure 5g and h) , subepithelial capillary endothelial cells showed swelling and disintegration (circled and squared areas), surrounded by perivascular edema (black asterisks), often containing extensive fibrin deposit (arrowheads).
Light Microscopy of Colonic Mucosa in IA-and DSS-Induced UC Light microscopic study on colonic tissue thick sections (which were used for transmission electron microscopy) showed gradually increased edema in subepithelial areas (arrows) at 15, 30 min, and 1 h after IA enema (Figure 6b -d, respectively), but the surface epithelial cell layer remained intact (arrowheads) with no inflammatory cells. Light microscopy also indicated that a focal, mild lamina propria edema (arrow) was present at 24 h ( Figure 7b ) followed by an extensive submucosal edema (double-headed arrow) at 48 h (Figure 7c ) after initiation of DSS and a focal lamina propria inflammation in 3 days (Figure 7d ) when the surface epithelial cell layer was still intact (Figure 7b-d) . Similar changes were seen in 4 days (Figure 7e ) after DSS ingestion. Only in 5 days after initiation of DSS treatment, colonic mucosal erosions were present (Figure 7f ).
Edema in Colonic Mucosa in IL-10
À/À and Ga-i2
Mice Spontaneously Developing UC To determine the relevance of our findings in chemically induced models of UC, we analyzed histologic changes in colonic mucosa of Ga-i2 À/À and IL-10 À/À mice of different ages with spontaneously developing UC.
We demonstrated that the earliest histologic changes in these spontaneously developing UC mice were subepithelial edema, later followed by edema involving a part or the entire lamina propria (Figure 8, arrows) , often containing chronic inflammatory cells (Table 1) . Areas of colonic mucosa with (f, g) After IA, the TEM shows breaks in endothelial lining (arrowheads), an extensive perivascular edema containing fibrin deposits, intravascular platelet aggregation (arrow in f) and extravascular platelets (arrow in g). Capillary (black asterisks), red blood cells (white asterisks).
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G Tolstanova et al perivascular edema covered by intact layer of surface epithelial cells were present (arrowheads) in both Ga-i2 À/À and IL-10 À/À mice ( Figure 8 ). These changes were seen in relatively young mice that did not have signs of colitis and in advanced stages of UC in older mice as well. These changes were adjacent to well-developed erosions or ulcers, but were also present in otherwise uninvolved areas of colon. Relatively few erosions and ulcers were present in both genetic models of UC in mice (Table 1) .
DISCUSSION
The present study demonstrated for the first time that endothelial damage, impaired endothelial barrier function, and increased colonic VP precede the changes in colonic epithelial barrier function and the development of colonic lesions in all the four investigated models of experimental UC. We also demonstrated that hypoxia of colonic surface epithelial cells precedes increased EP in IA-induced UC model. Consistent with hypoxic changes, the expression of hypoxia-related transcription factors HIF-1a and Egr-1 were significantly upregulated in the colonic mucosa in IA-induced UC.
UC is a chronic inflammatory disorder, which is characterized by repeated cycles of colonic mucosal damage/ ulceration and regeneration. Although the pathogenesis of UC is not fully understood, the impairment of the epithelial barrier function has been recently shown to play important pathophysiologic role. 2 As a consequence of impaired epithelial barrier integrity, enteric bacteria and other antigens may cross the epithelial lining, penetrate into mucosa leading to an enhanced immune response, and initiate and/or perpetuate inflammatory reaction in immunologically or genetically predisposed patients. 20 Intestinal permeability is influenced not only by the epithelial but also by the microvascular endothelial barriers. 21 Our laboratory was the first to demonstrate that microvascular Endothelial damage in ulcerative colitis G Tolstanova et al injury, leading to increased VP and capillary stasis, precedes the development of mucosal erosions and ulcers in the stomach and duodenum. 22, 23 Recent publications on the role of intestinal permeability mostly focus on disrupted epithelial barrier integrity in the pathogenesis of UC. [1] [2] [3] [4] 24 In contrast, the role of microvascular endothelial barrier in defense of intestinal homeostasis is less recognized and investigated despite the fact that it: (1) is essential for capillary blood flow, oxygen and nutrient delivery; (2) serves as a 'gatekeeper' preventing the extravasation of circulating leukocytes and other inflammatory cells and proteins into the mucosa; and (3) has a major role in innate immune response, by synthesis and release of pro-inflammatory cytokines. 10, [25] [26] [27] We found that young Ga-i2 À/À mice in early stages of spontaneously developing UC demonstrate areas of colonic mucosa with perivascular edema in the lamina propria covered by uninterrupted normal layer of surface epithelial cells. Older Ga-i2 À/À mice with advanced stage of UC had focal areas of perivascular edema containing leukocytes and a continuous layer of surface epithelial cells outside the areas of erosions and ulcers. Despite the fact that we found a significant difference in histologic injury score of colonic mucosa between 10-and 12-week-old IL-10 À/À mice, the areas of colonic mucosa with perivascular edema in the lamina propria were fully covered by normal layer of surface epithelial cells in all age groups. Based on these observations, we hypothesized that endothelial injury and increased VP precede the epithelial barrier disruption and might be a critical early step in disease pathogenesis. Our findings are in agreement with recent studies in T-cell receptor a genedeficient mice developing intestinal inflammation despite non-disrupted intestinal epithelial barrier. 28 In these mice, an increase in intestinal IFN-g levels, which may increase VP, 29 Figure 6 Representative photomicrographs of colonic mucosa during development of IA-induced UC. Light microscopy (toluidin blue staining, Â 200 of sections, 0.5-1.0 mm) was used for electron microscopy study. (a) Control. There is a gradual increase of subepithelial edema at 15 (b), 30 min (c), and 1 h (d) after IA enema, while surface epithelial cells layer remained intact and no acute inflammatory cells were seen.
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G Tolstanova et al preceded the onset of mucosal inflammation. Also, transgenic mice, which had significantly increased EP because of constitutively expressed active myosin light chain kinase specifically within intestinal epithelial cells, did not develop spontaneous UC, despite mucosal immune activation, 30 possibly, because of intact endothelial barrier. In our mechanistic study using chemically induced experimental UC, in which sequence of events can be studied, since the lesions develop in a predictable manner, we found an early increase of colonic VP and endothelial cell injury before changes in EP and development of colonic lesions. Transmission electron microscopic studies confirmed that microvascular changes were present before EP was increased and that the epithelial tight junctions remained intact despite the underlying lamina propria edema of vascular origin. Mori et al 31 found a similar rapid onset of endothelial cell dysfunction (on day 2), manifested by increased VP, in mice with 3% DSS-induced UC that was accompanied by adherent platelets and leukocytes.
One of the consequences of vascular damage is the development of hypoxia, which in turn may induce intestinal epithelial cell injury by increased level of oxygen-derived toxic free radicals and production of inflammatory mediators. 32, 33 Wang et al 34 showed that exposure of Caco-2 cell monolayer to hypoxia significantly lowered transepithelial electrical resistance, decreased protein expressions of ZO-1, phosphorylated myosin light chain and myosin light chain kinase, thus imparing epithelial barrier. Moreover, Synnestvedt et al 35 demonstrated that HIF-1a is active in intestinal epithelia, associated with increased intestinal permeability in murine hypoxia model and decreased transepithelial electrical resistance of T84 epithelial cells under hypoxia with concomitant activation of HIF-1-dependent regulatory pathways. A number of clinical and experimental studies showed oxygen deprivation of colonic epithelial cells in inflammatory bowel disease (IBD). 5, 10, 25, 36 Moreover, prevention of hypoxia by heparin 37 or endothelin-1 receptor antagonist 38 significantly reduced the degree of mucosal injury and inflammatory response. In addition to endothelial damage and intravascular congestion, our present study demonstrated hypoxia in colonic surface epithelial cells that preceded the enhanced colonic EP. Recent studies of Colgan and Taylor showed a significant retention of nitroimidazole (hypoxia marker) in both superficial and deeper regions of colonic mucosa in mice with TNBSinduced UC at 7 days compared with the mucosal nitroimidazole retention only in the surface epithelial cells in the vehicle-treated control mice. 5, 39 Our study also showed Hypoxyprobe-positive staining in the surface epithelial cells in vehicle-treated control rats. However, unlike Colgan and Taylor's study, our results did not show deeper mucosal hypoxia in UC rats, because we examined the hypoxia of Endothelial damage in ulcerative colitis G Tolstanova et al colonic tissue in early time points (at 15, 30 min, and 1 h) after IA administration before lesions developed and moreover before elevation of colonic EP. Furthermore, a recent study of Harris et al on chronic T-cell transfer model of IBD in mice confirmed our data and showed that Hypoxyprobe-1 staining was more prominent in the superficial area of the colonic mucosa. 39 Harris et al 40 study showed that mice exhibiting mild colonic inflammation had increased hypoxia, decreased systemic hematocrit, and reduced vascular density. Mice with severe colitis exhibited decreased hypoxia, higher levels of hematocrit and vascular density vs mice with mild colonic inflammation. The hypoxia correlated inversely with hematocrit and vascular density. Therefore, the early stages of chronic colitis (mild inflammation) are associated with the hypoxia of epithelial cells that later results in erosions/ulcers development (severe colitis). In advanced colitis, increased angiogenesis likely triggered by initial hypoxia lead to increased vascularization and reduction of hypoxia. We also showed concomitant upregulation of hypoxia-related transcription factors HIF-1a and Egr-1. Our data are in agreement with others on the models of UC induced by adoptive transfer of IL-10 À/À CD4 þ T cells into RAG À/À mice 40 or TNBS in mice.
Since UC is a chronic disease, characterized by frequent relapses, our findings of early increase in VP may be not only a reliable predictor of recurrence but also the basis for lesion development. In our study, we easily visualized extravasations of Evans blue as early as 1-2 days after DSS ingestion or 30 min to 12 h after IA enema as shown in Figure 1a , and blue color was strictly restricted to distal colon where DSS- 42 and IA-induced 13, 14 lesions develop. Edema of the mucosal lamina propria and infiltration by inflammatory cells are constant features of human UC, reflecting increased VP providing thus direct human relevance of our experimental studies. Moreover, recent studies from our group using confocal endomicroscopy demonstrated the presence Endothelial damage in ulcerative colitis G Tolstanova et al of increased VP in patients with UC even among those in remission. 43 Increased VP was associated with upregulation of vascular endothelial growth factor (VEGF), which is known as a potent VP factor. Increased VEGF levels during early stages of UC may provide a mechanistic clue to impaired endothelial barrier and increased VP. In our previous study, we demonstrated that neutralizing anti-VEGF antibody diminished colonic VP and improved clinical and morphologic signs of IA-UC, 15 thus providing further support for the pathogenic role of increased VP in UC.
The precise mechanism(s) why and how endothelial permeability actually develops in UC remains unclear. There are several possibilities. It can be due to genetic predisposition, which impairs endothelial microvascular 'barrier.' The study of IL-10 À/À mice showing increased lamina propria edema could support this contention. Second, it can be due to activation of VEGF gene and its product. VEGF is also known as VP factor. Other and our laboratories demonstrated activation of VEGF in UC, especially in its early phase, especially that neutralization of endogenous VEGF with specific anti-VEGF antibody abolishes increased endothelial microvascular permeability and prevents development of experimental UC. 15 In addition to elevated VEGF, other non-VEGF mechanisms such as activation of TLR2 by oxidation stress can contribute to increased endothelial microvascular permeability in UC. 44 TLR2 are present on some endothelial cells and TLR2 agonist increases endothelial monolayer permeability in vitro. 45 In summary, the present study is the first demonstration of the role of colonic endothelial vs epithelial barrier in the development of UC. These findings may contribute to a better understanding of the cellular/molecular mechanisms of UC pathogenesis, and provide new targets for the treatment and prevention of the relapses of this disease. 
Definitions of the categories:
Subepithelial edema: edema located under surface layer of the epithelial cells.
Lamina propria edema/inflammation: edema of the lamina propria and inflammatory cell infiltration.
Erosion: lesions localized to the mucosal layer.
Ulcer: lesions penetrating into submucosal layer.
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